It is well established that the iron-responsive regulatory protein Fur functions as a repressor of gene transcription in several microorganisms. In its most basic state, Fur forms a dimer together with divalent cations, such as ferrous iron, and binds to a consensus sequence (the Fur box) that overlaps the promoters of iron-regulated genes to prevent their transcription. Recent studies indicate that in some organisms, Fur may also function as a positive regulator of gene transcription, together with iron (8, (9) (10) (11) (12) 24) , although the mechanism of iron activation by Fur is not well elucidated. Our recent studies of N. meningitidis group B, using a combination of microarray technology, computational analysis, and in vitro binding studies, revealed that a large number of genes are activated during growth in the presence of iron and that a number of these iron-activated genes have putative Fur-binding sequences to which Fur was demonstrated to bind (17) . However, the biological significance of Fur binding to the operator regions of these genes has not been defined, as an N. meningitidis fur mutant had not been constructed at the time of that study.
Of interest within the group of iron-activated genes under the potential control of Fur were candidate genes involved in the virulence potential of N. meningitidis, including the nspA (NMB0663) (1, 21) and secY (NMB0162) (18, 28) genes. Neisserial surface protein A (NspA) is an 18.6-kDa membrane protein of unknown function that was first described to confer protection against meningococcal infection in animal models of infection (1, 21, 22) . NspA is highly conserved and expressed by all N. meningitidis strains tested (22, 25) . Recent studies indicate that conserved epitopes of the NspA protein confer protection against N. meningitidis serogroup B challenge in a mouse model of meningococcal infection (26) . The N. meningitidis secY gene encodes a putative preprotein translocase (SecY) whose homolog in Escherichia coli has been studied extensively; in E. coli, it functions as an essential component of the protein translocation machinery of the cytoplasmic membrane. Sec-dependent protein secretion in the pathogenic Neisseria has been reported (18, 28) ; however, the function of the N. meningitidis SecY protein is not known, nor has the regulation of the secY gene been examined. In E. coli, the secY gene is located in a gene cluster known as the spc operon, which includes the rplN, rplX, rplE, rpsN, rpsH, rplF, rplR, rpsE, rpmD, and rplO genes, encoding ribosomal proteins (3, 19) . While the structure and function of the E. coli Sec system has been well defined, the regulation of genes encompassing the E. coli Sec system are not well understood. In this study, we demonstrate that the iron-activated regulation of the N. meningitidis spc operon is Fur independent. Furthermore, we have definitively demonstrated the role of Fur and iron in the regulation of the N. meningitidis nspA gene and identified a hexameric (G/T)A TAAT unit in the operator region which is present in several additional Fur-regulated genes.
Regulation of the N. meningitidis secY and ribosomal protein genes in response to iron. In N. meningitidis MC58, the secY gene is located at the distal region of the putative spc operon, flanking the rplO gene and a transcription initiation factor gene (if-1) within the operon (Fig. 1A) . This putative operon is homologous to the previously identified spc operon of E. coli (3) . To examine the expression of the ribosomal genes in response to iron and to delineate the operonic nature of this locus, we examined the transcriptional status of the genes by using reverse transcriptase PCR (RT-PCR) with several sets of primer pairs (Fig. 1B and Table 1 ) and RNA isolated from N. meningitidis MC58 cultures grown for 4 h under iron-depleted and iron-replete conditions. For these studies, N. meningitidis MC58 was grown in chemically defined medium (CDM) under iron-replete (100 M ferric nitrate) and -depleted (12.5 M desferal) conditions, as described previously (17) . We observed growth restriction of the N. meningitidis MC58 cultures during growth under iron-depleted conditions (data not shown).
For RNA and protein isolation, 2.0-ml samples of bacterial cultures were collected at 1-h intervals for up to 6 h. Samples were centrifuged at 13,800 ϫ g for 5 min, the supernatant was aspirated, and the remaining pellet was used for either RNA or protein extraction. Total RNA was isolated with the RNeasy kit (QIAGEN, Valencia, CA) and was DNase I treated to remove residual DNA contamination. The effectiveness of DNA removal was confirmed by PCR amplification of the RNA prior to reverse transcription. These DNA-free RNA samples served as the template for subsequent RT-PCR with the primers listed in Table 1 . All RT-PCRs were performed as previously described (17) . Briefly, the reaction mixture contained 250 ng of DNA-free RNA, 25 l of 2ϫ reaction mixture, 100 ng of each primer, 1 l of RT-Taq mix, and diethyl pyrocarbonate-treated water to a final volume of 50 l. cDNA synthesis was performed at 50°C for 30 min, followed by predenaturing at 94°C for 2 min. DNA amplification was carried out under the following conditions: 25 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 2 min, and elongation at Table 1. 72°C for 2 min. RT-PCR analysis demonstrated increased levels of N. meningitidis rpsE, rplO, and secY fragments during growth under iron-replete conditions compared with cultures grown under iron-depleted conditions (Fig. 1C) . Interestingly, no significant differences in the expression levels of the rpmD gene during growth of N. meningitidis under iron-depleted and -replete conditions were observed. One likely explanation for the lack of difference in the transcript level of this gene may be due to the relatively small size of the rpmD amplicon, which in turn would have resulted in saturation of DNA amplification under the conditions used.
We next analyzed cotranscription of the rpsE, rpmD, rplO, and secY genes by using specific primers to amplify single DNA fragments spanning the rpsE-rpmD, rpmD-rplO, rplO-secY, rpsE-rplO, and rpmD-secY open reading frames (ORFs) within the operon, as depicted in Fig. 1B . Using several different combinations of these primers, we observed that the rpsE, rpmD, rplO, and secY genes were cotranscribed within the operon and that this was most pronounced in samples obtained from cultures under iron-replete growth conditions (Fig. 1D ). As expected, we did not observe differences in the transcript levels of the rmp gene (a gene which is not regulated in response to iron) (17) in N. meningitidis MC58 grown under iron-replete or -depleted conditions (data not shown). Our cotranscription results are in agreement with previous studies of E. coli indicating that transcription of the spc operon initiates from its own promoter and continues into the downstream operon containing additional ribosomal protein genes (3). Likewise, our studies suggest that genes of the spc operon are regulated by a common promoter and that the expression of these genes is transcriptionally activated by growth in the presence of iron. Increased expression of genes encoding ribosomal proteins and secretion proteins in response to iron may contribute to the high-efficiency protein synthesis and subsequent protein transport across the membrane in response to iron. Our results are also in agreement with recent studies by Ducey et al. (13) , which suggest that several gonococcal genes, including genes encoding ribosomal proteins, are upregulated under iron-replete growth conditions.
The increased expression of the secY gene under iron-replete conditions was further confirmed at the protein level by Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole-cell lysates was performed as described previously (29) with 10% polyacrylamide gels. Proteins were electrophoretically transferred to nitrocellulose membranes and probed with either anti-SecY serum raised against the N-terminal region of E. coli SecY (1:2,500) (20) or antiporin B serum (1:2,500) (23) . Blots were then incubated with appropriate secondary antibodies conjugated to horseradish peroxidase conjugates (Sigma). Immunoreactive proteins were detected by the ECLϩPlus Western blot detection system (Amersham Biosciences, Piscataway, NJ), and the intensity of the immunoreactive bands was quantitated with the Bio-Rad Quantity One program. As shown in Fig. 2A , a modest increase in the level of SecY protein expression was observed under iron-replete growth conditions. The increase in SecY protein in response to growth under iron-replete conditions was maximally observed at 5 h (Fig. 2B) . Role of Fur in the regulation of the N. meningitidis secY and nspA genes. To investigate the role of Fur in the iron-activated expression of the secY and nspA genes, we utilized a N. meningitidis fur deletion mutant (MC-FkoЈ) and a fur-complemented mutant (MC-FkoЈ-C), which we constructed with the plasmid constructs pGemFkoB:Km and pSLFur-C1, respectively, according to the method of Delany et al. (6) . Positive transformants were confirmed by PCR, sequencing, and Western blot analysis with anti-Fur antibody (data not shown). To analyze the expression of iron-regulated secY and nspA genes by Fur, total RNA was isolated from wild-type, fur mutant, and fur-complemented mutant strains after 3 and 5 h of growth in CDM under iron-replete and -depleted conditions, and RT-PCR analyses were performed as described above. All three strains (wild type, fur mutant, and fur-complemented mutant) grew to similar levels under iron-replete and -depleted conditions, with a similar level of growth restriction upon growth under iron-deplete conditions (data not shown). As expected, an increased level of the secY transcript was observed in the wild-type (Fig. 3, lanes 1 and 2) and fur-complemented mutant strains (Fig. 3, lanes 5 and 6) under iron-replete conditions. Notably, an increased level of the secY transcript was also observed in the fur mutant grown under iron-replete conditions compared to iron-depleted conditions, similar to that of the wild type and complemented fur mutant strain under similar growth conditions. Similarly, our Western blot analysis of total cell lysates obtained from the wild-type, fur mutant, and complemented fur mutant strains also indicated that expression of secY is transcriptionally activated by iron and is not regulated by Fur (data not shown). Unlike the secY gene, transcription of the nspA gene is iron activated in a Fur-dependent manner, as determined by the expression of the nspA gene in both the wild-type and fur complemented strain but not in the fur mutant strain (Fig. 3, lanes 3 and 4) . As expected, we did not observe differences in the transcript levels of the rmp gene (17) (lanes 1 and 2) , N. meningitidis FkoЈ (lanes 3 and 4) , and N. meningitidis FkoЈ-C (lanes 5 and 6) by RT-PCR is shown. Meningococcal rmp, fur, and aniA genes were utilized as controls. Lanes 1, 3, and 5 correspond to samples obtained from cultures grown under iron-replete conditions, and lanes 2, 4, and 6 correspond to samples obtained from cultures grown under iron-depleted conditions. The time at which samples were examined is indicated below each panel.
or -depleted conditions. Likewise, the iron-repressed and Furregulated meningococcal fur gene (6) and iron-activated and Fur-regulated aniA gene (7) were confirmed to be regulated by Fur and iron. These results indicate that both the secY and nspA genes are regulated in response to growth with iron but that only the nspA gene is regulated by Fur.
Binding studies of meningococcal Fur to operator sequences of the iron-activated nspA and secY genes. Previously, we demonstrated by electrophoretic mobility shift assay (EMSA) analysis that meningococcal Fur (17) was able to bind to the putative Fur binding sequences in the upstream regions of the iron-activated secY and nspA genes (30) . Briefly, the promoter fragments for EMSA were PCR amplified from N. meningitidis MC58 with the oligonucleotides shown in Table 1 . DNA fragments were restriction digested, gel purified, and end labeled by Klenow fragment with [␣-32 P]dATP and a nucleoside triphosphate mixture (dCTP, dTTP, and dGTP). The reaction mixture was purified with MicroSpin G-25 columns (Amersham Pharmacia Biotech, Piscataway, NJ) to remove unincorporated nucleotides. Labeled DNA probes were then incubated with N. meningitidis Fur protein in binding buffer (100 mM Tris-Cl, pH 7.2-25 mM MgCl 2 -200 mM KCl-0.625 mM MnCl 2 -10 mM dithiothreitol [DTT]-50% glycerol-3.0 g poly(dI-dC)-5.0 g bovine serum albumin [BSA]) at room temperature for 20 min and electrophoresed on a native 6% polyacrylamide gel to separate different complexes. Following electrophoresis, the gels were transferred to filter paper and dried for 1 h at 80°C, and radioactive bands were visualized by autoradiography. Our previous analysis revealed that the putative Fur box to which Fur binding was observed was located in the upstream region of the secY gene and overlapped the ORF of the rplO gene (Fig. 1B) . Interestingly, our in silico analysis of the annotated N. meningitidis MC58 genome failed to identify any promoter-like sequences within this short intergenic region (12 bp) between the rplO and secY genes. In E. coli, transcription of genes within the spc operon is initiated from the spc promoter (3), and we postulated that most likely the transcription of N. meningitidis secY/ribosomal operon genes is initiated in a similar fashion. To clarify the discrepancy between the ability of Fur to bind to the putative operator region of the secY gene and the lack of the involvement of Fur in the regulation of the secY gene, we scanned the promoter region of the N. meningitidis secY/ribosomal operon, using a 19-bp E. coli palindromic Fur binding sequence (2, 9, 10) or a 21-bp Neisseria consensus sequence that has ϳ80% homology with the E. coli consensus (16) , and identified a putative Fur binding sequence in this region (see Fig. 5B ). EMSA analysis was then performed (17) to examine the direct interaction of Fur with the in silico-identified Fur box sequence within the putative promoter region of the secY/ribosomal operon. As shown in Fig. 4A , we did not observe a shift when the Fur protein was used with the in silico-identified Fur box sequence within the putative promoter region of the secY/ribosomal operon, even with a relatively high concentration (400 nM) of Fur.
Our analysis of the ability of meningococcal Fur to bind the promoter region encompassing the in silico-predicted Fur box of the nspA gene revealed a shift in the mobility of nspA probe with increasing concentrations of Fur (Fig. 4B) . Although the amount of the shifted nspA probe increased with concentrations of Fur, a considerable amount of free probe was observed even at the highest concentration of Fur protein (800 nM) used. This could be attributed to the presence of primer dimer contamination from PCR amplification in the nspA probe. The specificity of N. meningitidis Fur binding to the iron-activated and Fur-regulated nspA gene was confirmed by cold competition experiments using an excess (25-to 400-fold) of unlabeled probe (containing the same sequence as the labeled probe). As shown in Fig. 4C , a gradual loss of each of the complexes was observed with a corresponding increase of unlabeled probes. As expected, no shift was observed when the rmp promoter probe was used, even at the highest concentration of Fur (800 nM) used (Fig. 4D) . Taken together, our in vitro binding studies conclusively demonstrate the ability of N. meningitidis Fur to interact with nspA but not the operator region of the secY gene. Mapping of Fur binding sequences in the promoter/operator of the iron-activated nspA gene. Having demonstrated the ability of N. meningitidis Fur to interact with the 101-bp nspA promoter region by EMSA analysis, we next sought to map the promoter region of nspA by DNase I protection studies, as described previously (15) . Briefly, DNA fragments encompassing the putative Fur box of the nspA gene were PCR amplified from N. meningitidis by colony PCR using specific primers (Table 1 ) and cloned into pBCSK (Stratagene, La Jolla, CA) to generate the recombinant plasmid pBCSK.nspA. Labeling of the DNA probes for footprinting was accomplished by using M13 forward (5Ј end-labeled) and reverse (unlabeled) primers in a PCR and purified on a G-25 spin column (Amersham Biosciences, Piscataway, NJ). Approximately 40,000 cpm of labeled probe was used in each reaction. Protein-DNA complex was formed in 100 l of footprinting buffer containing 10 mM Tris-HCl (pH 8.0), 100 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 100 M MnCl 2 , 1 mM DTT, 10% glycerol, 1 g of sonicated salmon sperm DNA, and 5 g of acetylated BSA and was incubated for 30 min at room temperature. DNase I (0.1 ng) treatment was carried out for 2 min at 37°C. The reaction was stopped by the addition of 100 l of stop buffer (0.1 M EDTA, pH 8.0-0.6 M Na acetate-20 g/ml sonicated salmon sperm DNA). DNA samples were then extracted with phenolchloroform, ethanol precipitated, and resuspended in 4 l of sequencing buffer. After denaturation at 95°C for 2 min, samples were subjected to electrophoresis on 6% urea-polyacrylamide gels at 2,000 V, dried, and autoradiographed.
As shown in Fig. 5 , in the absence of any added Fur protein, digestion of labeled fragments produced a relatively uniform distribution of DNA fragments (lane 1). A 32-bp region of protection was seen when the nspA promoter region was used with 150 and 460 nM concentrations of meningococcal Fur (lanes 2 and 3) . When a higher concentration of Fur was used, an extended region of protection was observed (Fig. 5, lane 4) . Further analysis of the Fur binding sequences in the operator regions of the N. meningitidis iron-repressed fur gene and ironactivated aniA (data not shown) and nspA genes by DNase I protection identified a hexameric 5Ј-(G/T)ATAAT-3Ј unit, which was absent in the predicted Fur binding sequence of the secY/ribosomal operon (Fig. 5B) . These results are in agreement with previous studies in which we used in silico analysis to define the N. meningitidis Fur box consensus sequence. This highly conserved NATWAT motif (17) was also identified in the operator regions of both iron-activated and iron-repressed Fur-dependent genes, as defined by DNase I protection analysis (Fig. 5B) .
Interestingly, our DNase I footprinting analysis indicated that the nspA Fur binding sequence overlapped the Ϫ10 region of the N. meningitidis iron-activated nspA gene according to mapping of an nspA gene homolog in N. gonorrhoeae (27) . This phenomenon is commonly described for genes that are repressed by this global regulator. Further studies are warranted to fine tune the molecular mechanism of nspA gene activation by Fur.
Conclusions. In the present study, we examined two N. meningitidis iron-activated genes identified by microarray analysis to definitively define the role of Fur in the expression of these genes. While our previous studies determined by EMSA analysis that meningococcal Fur was able to bind to the putative Fur binding sequences in the upstream regions of the ironactivated secY gene (17) , in the present study we demonstrated that genes within the secY operon are cotranscribed and that the previously identified putative Fur box is actually within an ORF. We found that Fur did not bind to the promoter region of the N. meningitidis secY/ribosomal operon, nor was Fur required for expression of the N. meningitidis secY gene. In E. coli, the preprotein translocase SecY functions together with SecE and SecG in protein secretion across the cytoplasmic membrane via the SecYEG pathway (4, 14) . Similar to what we observed for the meningococcal secY gene, we also found that the transcription of the meningococcal secE and secG genes was increased during growth under iron-replete conditions and was also Fur independent (data not shown), suggesting that expression of entire SecYEG complex is controlled by iron and yet is Fur independent. Although these genes were not identified in a very recently published study on the N. meningitidis fur and iron regulon (5), this could be attributed to variations in experimental design, i.e., the media used and time points chosen for analysis of gene expression. Our results, however, are supported by recent studies of N. gonorrhoeae wherein expression of the protein secretion secY and secE genes and several ribosomal genes were reported to be increased during growth under iron-replete conditions (13) , although the role of Fur in the regulation of these genes was not examined.
An additional point regarding in silico predictions and EMSA analysis for the identification of putative Fur binding regions and correlation with biological significance deserves attention. Although these analyses serve as an excellent tool for defining the interaction between protein and DNA, further experiments are warranted to conclusively demonstrate the in vivo relevance of such interactions. In this study, using an N. meningitidis fur mutant, we confirmed the Fur-dependent expression of the N. meningitidis nspA gene, in contrast to the regulation of the secY gene, which was demonstrated to be Fur independent. Furthermore, DNase I footprinting analysis with nspA and several additional Fur-regulated genes confirmed that the hexameric 5Ј-NAT(A/T)AT-3Ј unit is important for N. meningitidis Fur binding and potentially for transcriptional regulation of these genes (17) . However, our results further suggest that the presence of a consensus Fur box sequence itself may not be sufficient in determining whether Fur binding results in repression versus activation of gene transcription.
